Abstract. Quiet days variations in the Earth's magnetic field (the Sq current system) are compared and contrasted for the Asian, African and American sectors using a new dataset from Vietnam. This is the first presentation of the variation of the Earth's magnetic field (Sq), during the solar cycle 23, at Phu Thuy, Vietnam (geographic latitudes 21.03 • N and longitude: 105.95 • E). Phu Thuy observatory is located below the crest of the equatorial fountain in the Asian longitude sector of the Northern Hemisphere. The morphology of the Sq daily variation is presented as a function of solar cycle and seasons. The diurnal variation of Phu Thuy is compared to those obtained in different magnetic observatories over the world to highlight the characteristics of the Phu Thuy observations. In other longitude sectors we find different patterns.
Introduction
Since several centuries the Earth's magnetic field is the object of scientific studies in various topics of geophysics (internal or external) as it integrates the influence of many physical processes. The Earth's magnetic field data were used and are still used to study ionosphere electric currents, magnetosphere electric currents, as well as atmospheric tides, ocean tides, seismicity etc. Table 1 . Coordinates of the magnetic observatories and magnetic apex coordinates at ground level using IGRF epoch 2001 (Vanzandt et al., 1972 Richmond, 1995) .
Code Name
Geographic, deg Apex coordinates (Vanzandt et al., 1972) Lat.
Long In this paper we are concerned by the mean daily regular variation of Earth's magnetic field Sq (Chapman and Bartels, 1940) , observed during magnetic quiet days. The existence of a conductive layer around the Earth was established by ionosonde (Breit and Tuve, 1925) and later on by rocket flights (Davis et al., 1967; Maynard, 1967; Sastri, 1968; Monro et al., 1968; Shuman, 1970; Satya Prakash et al., 1970; Sastry, 1973; Richmond, 1995a) and incoherent scatter sounders (Dougherty, 1963; Brekke et al., 1974; Kamide and Brekke, 1975; Harper, 1977; Salah and Evans, 1977; Mazaudier, 1982) . In the past and still now the Sq variations were and are still intensively analyzed in all longitude sectors (Matshushita, 1965; Mayaud, 1965a, b; Campbell, 1982; Campbell and Matshushita, 1982; Doumouya, 1998; Campbell and Schiffmacher, 1985, 1986; Campbell et al., 1993; Rastogi et al., 1994; Takeda, 1999 Takeda, , 2002 Yamazaki et al., 2009 ). The Sq field strongly varies as a function of latitude and longitude. It is important to recall here that the equivalent current systems Sq deduced from ground magnetic variations is only a proxy of real ionosphere electric currents. Sq is based on the assumption of 2-D planetary cells. The true electric currents have a 3-D structure. At large scale (time and space), equivalent current systems Sq are a good tool to study large scale ionospheric electric currents. In this paper we analyze the Sq of Phu Thuy (Vietnam) during the solar cycle 23 in order to characterize it. This is the first step in our study of ionospheric electric currents in Vietnam. Our study is developed in the frame of the international programmes IHY and CAWSES (Amory- Mazaudier et al., 2006) . The first section of the paper presents the data set and the data analysis and the second section the solar cycle variations of the Sq at Phu Thuy. The third section is devoted to the seasonal variations in the various selected magnetic observatories and section four to the mean daily variation of the Earth's magnetic field. Finally the comparison with variations of other stations reveals a series of facts that will need data from more stations and considerable theoretical works.
Data set and data analysis
The data used are the daily regular variation of the Earth's magnetic field recorded at Phu Thuy-Viet Nam during the solar cycle 23 (lasting from 1996 to 2006). We also use the Earth's magnetic field data recorded in different observatories of the INTERMAGNET network at mid-latitude, in the three longitude sectors (Asian, African, and American) and the two hemispheres. Figure 1 shows the position of the magnetic observatories selected: San Juan, Trelew in the American sector, M'bour, Tamanrasset Bangui, Hermanus, in the African sector and Phu Thuy and Gnangara in the Asian sector. Table 1 lists the geographic coordinates and Magnetic Apex coordinates at ground level using IGRF epoch 2001, for all the observatories (Vanzandt et al., 1972; Richmond, 1995b) .
The INTERMAGNET data base provides the horizontal and vertical components of the Earth's magnetic field (H , Z), the declination (D), and total field F , as well as the northward and eastward components (X, Y ). In this paper, we analyze the diurnal, seasonal and solar variations of X and Y components during magnetic quiet days, of the solar cycle 23. The magnetic quiet days are selected with a daily magnetic index am < 20 nT.
The X and Y monthly mean diurnal variations are computed as the arithmetical mean of the hourly local time mean values after the subtraction of night-time level (23:00-02:00 LT) (Tarpley, 1973) .
Where i equal 1, . . . . 24. The seasonal variations are obtained by making the monthly arithmetical mean of those months comprising a given season. Our seasons are the following: winter (November, December, January, and February), summer (May, June, July, August), autumn (September, October), spring (March, April). We consider spring and autumn separately, this is a novelty.
The amplitude of the monthly mean diurnal variation of the X component is the maximum value of the mean diurnal variation of X component and the amplitude of the monthly mean diurnal variation of the Y component is given by the distance between the maximum and the minimum of the mean diurnal variations of the Y component.
The error bars are given by
where V is the variance, provide an estimation of the uncertainty in the components of the magnetic field. We also computed the seasonal tendency:
where X i is to the monthly mean values and < X > is an approximation of the mean annual value by using linear regression.
The study is performed for the different phases of solar cycles. We distinguish four parts: the minimum phase, years with R z < 20, the increasing phase, years with 20 ≤ R z ≤ 100, the maximum phase, years with R z > 100 and the decreasing phase, years with 100 ≥ R z ≥ 20.
We analyze also Fourier transform of the diurnal variation of the Y component to determine the reversal time of the diurnal variation of the Y component from East to West during the daytime.
It should be pointed out that our analysis of the Sq field actually includes both ionospheric and non-ionospheric sources. The latter can be divided into internal and external contributions. For example, Olson (1989) found that magnetospheric currents contribute about 12 nanoteslas to the dayto-night difference in the mid-latitude Sq pattern for steady, quiet magnetospheric conditions. Thus, the subtraction of the night-time level actually does not withdraw the influence of all the magnetospheric currents on Sq variation. The internal part of the Sq is produced by the induced electric currents generated by the external sources. At middle and high latitudes the induced field can account for 33% or more of the external field (Kamide and Brekke, 1975; Kuvshinov et al., 2007) and at low latitudes few percents (Fambitakoye, 1973) . Figure 2 illustrates the well known Sq current system. This schematic figure do not represent observations, it is simple pattern useful to approach the complex reality. The Sq current system assumes "equivalent currents" flowing in an infinite plane sheet over a plane earth; it is a 2-D system. The Sq is composed of 2 cells, one for each hemisphere (left side, Fig. 2 ). The current flows clockwise in the Southern Hemisphere and anticlockwise in the northern one. The daily variation of the X (H ) and the Y (D) components are drawn on the right side of Fig. 2 . In the Northern Hemisphere the X component is negative (southward) above the focus of the Sq, nil at the focus, and positive (northward) below the focus. The Y component is positive (eastward) in the morning and negative (westward) in the afternoon for all the northern latitudes. The reverse pattern is observed in the Southern Hemisphere. Along the equator the equatorial electrojet is assumed as an equivalent ribbon of current (1-D) circulating toward the East (not drawn on Fig. 2) . Following Ampere's law a northward magnetic field variation corresponds to an eastward ionospheric electric current, and an eastward magnetic field variation to a southward ionospheric electric current. Figure 3 shows a typical daily regular variation S R of the Earth's magnetic field defined by Mayaud in 1965 observed at Phu Thuy on an individual quiet magnetic day. The northward X component is on the left panel and the eastward Y component on the right one. These observations can be roughly explained by the motion of the station below a plane infinite sheet of current, at latitudes below the focus of the Sq current system in the Northern Hemisphere (see Fig. 2 ).
At Phu Thuy, during magnetic quiet days, the ionospheric electric current flows in East South direction in the morning and in East North direction in the afternoon. We must notice that the amplitude of the Y component in the morning D component) increases with the magnetic latitude of the stations involved in our study. This result was found at first by Mascart (1900) . The amplitude of the X component (H component) is related to the station location relatively to the focus Sq system. Near the focus of the Sq system, the amplitude is smaller. Recently, Yamazaki et al. (2009) demonstrated that annual variation is predominant in Y (or D) component and semiannual variation is predominant in X (or H) component near the geomagnetic equator, and the amplitude of the annual variation is greater than the semiannual variation, which is consistent with the result as shown in Fig. 4 . The fact that the seasonal variation of the X component is smaller than the seasonal variation of the Y component implies that the location of the station of Phu Thuy relatively to the focus of the Sq system is rather the same for the different seasons during all the year. Table 2 , column 2 gives, for all the selected observatories, the correlation coefficients between the X component and the F10.7 index, and column 3 the correlation coefficient between the Y component and the F10.7 index. The correlation coefficients between X and F10.7 are rather good at Phu Thuy (0.74) and Bangui (0.79). The correlation coefficients between Y and F10.7 are not significant for Phu Thuy and Bangui.
For all other observatories the two correlation factors are not significant. Recently, at Livingston Island, Torta et al. (2010) found a clear dependence of the Sq amplitude on solar activity and that the maximum amplitude of the Sq occurs about 2 years later than the sunspot maximum. Figure 5 illustrates the monthly mean diurnal X (left side) and Y components (right side) at Phu Thuy for the different phases of the sunspot cycle, see Eq. (3). From the top to the bottom are shown the minimum, increasing, maximum and decreasing phases of the sunspot cycle.
Seasonal variations
In Fig. 5 , left side, the X component exhibits a semiannual variation; highest values are observed near equinoxes and minima near solstices during all the phases of the sunspot cycle. The first maximum of the X-component arises always in March or in April, whereas the second maximum appears generally in October and sometimes in November. The asymmetry between equinoxes and solstices is observed in annual variation of many geophysical parameters as magnetic indices (Triskova, 1989; Cliver et al., 2000 Cliver et al., , 2001 ) and the B z component of the interplanetary magnetic field (Russell and Pherron, 1973) . Three main mechanisms are invoked to explain such an asymmetry: (1) (2) the Russell Mac Pherron (RM) effect and (3) the equinoctial hypothesis (Chaman Lal, 1996; Cliver et al., 2002) . In our study concerning the magnetic quiet days the axial hypothesis mechanism as well as the Russell Mac Pherron effect are not efficient as they are concerned by magnetic activity and we have selected magnetically quiet days. The RM effect is only related to magnetic disturbed days with IMF B z southward.
During solstices, the asymmetry of the ionospheric dynamo between the two hemispheres is larger than during equinoxes, field-aligned currents flowing from the current vortex centre in winter hemisphere to that in summer hemisphere must be taken into account (Fukushima, 1979; Takeda, 1982 Takeda, , 1989 Takeda, , 2002 .
We observe that during the solar cycle 23 the two equinox maxima are asymmetric: the autumnal maximum is in general smaller than the spring one. This might be related to the lag between the annual cycles of temperature and insolation, and that the nonlinear interactions between tides and planetary waves could be responsible for some features of the seasonal variation of these waves (Campbell and Matsushita, 1982; Takeda, 2002) .
Y component (Fig. 5 , right side), exhibits an annual variation with minima mostly during winter months (February or December) for all the phases of the sunspot cycle. During the solar maximum phase, the shape of the Y component variation increases very strongly from February to March and decreases also strongly from September to October. During the year 2002 a minimum is observed in July. The same minimum is also observed in July of the years 1996 and 1997. this observatory the mean amplitude of the X component is very weak. It is explained by the location of Gnangara near the focus of the Sq current cell, and therefore the semiannual equinox pattern is not visible on the X component at Gnangara. We choose the Gnangara observatory because there is no magnetic observatory at the same latitude as Phu Thuy in the Southern Hemisphere. Figure 6 , right side shows the mean amplitude of the Y component which exhibits the semiannual pattern with two maxima generally in February and October or November. During the ascending phase there are sometimes three maxima in January, March, and October. Campbell and Schiffmacher (1998) The X component amplitude during spring is the greatest one ∼80 nT at the solar maximum, only ∼60 nT during autumn at the solar maximum. The X component amplitudes in summer and winter are comparable (∼50 nT at solar maximum).
These observations clearly highlight that the two equinoxes are not symmetric.
Previously, in situ measurements of electric fields and neutral winds with incoherent scatter sounder showed the equinoctial asymmetry (Bernard, 1974; Blanc et al., 1977) , as well as Sq analysis (Takeda, 2002) showed the equinoctial asymmetry. Figure 8 presents the mean diurnal variation of the Ycomponent observed at Phu Thuy during each year of the solar cycle 23 for the four seasons. The extreme values of the diurnal variation of the Y-component at Phu Thuy are maxima in summer and minima in winter. The Y component variation during winter is very different to the spring, summer and autumn ones. In spring, autumn and summer, the morning maximum (ionospheric electric current toward the South) has absolute amplitude greater than the afternoon minimum. In winter the afternoon minimum disappears. This feature called the "winter anomaly" was found previously in the Indian-Siberian region by Campbell et al., 1993. Campbell et al. found (1) that during winter time the mid latitude vortex current disappear (as at Phu Thuy) and (2) that the focus of the Sq currents is at lower latitudes in the East Asia than in Europe and North America. The Phu Thuy observations show that at daily scale the electric current flow toward South is larger than the flow toward North. The fact that the amplitude of the Sq current cell in summer hemisphere is greater than the winter one is explained by a seasonal effect, as the summer hemisphere receives more light from the sun (Fukushima, 1979) . But, the asymmetry between the two Sq cells at equinox cannot be explained as previously. Figure 9 illustrates the local time of the passage to zero (x-axis) of the Y component at Phu Thuy during solar cycle 23. This figure shows that the local time of the passage to zero is in general after 13:00 LT during winter months and before 12:00 LT and sometimes 11:00 LT during summer months. Mascart (1900) analyzed the variations of the declination (Y component) and found the same the result. This observation can be interpreted by morphological changes of the global external current system (Matshushita and Maeda, 1965; Takeda, 2002) curve -year 2002) around ∼75 nT at Phu Thuy, ∼80 nT at Tamanrasset, 85 nT at M'Bour and 90 nT at Bangui. This pattern is typical of stations between the focus of the Sq cell and the equatorial electrojet in both hemispheres (Fig. 2) . In Fig. 10 , many differences are observed from one station to another:
-At Tamanrasset, for the maximum sunspot phase (years 2000-2001-2002) , the amplitudes of the X component are similar (between ∼75 nT and ∼80 nT) and for all the other sunspot cycle phases (increasing minimum and decreasing), the amplitudes of the X component are also similar (between ∼45 nT to 55 nT)
-At Phu Thuy as well as M'Bour or Bangui, the amplitudes of the X component vary from the minimum phase to the maximum phase. The largest differences in the amplitudes between the maximum and minimum phases of the sunspot cycle are observed at Phu Thuy (∼30 nT for the minimum and ∼75 nT for the maximum). -At M'Bour and Bangui the maximum of the X component is never smaller than about 45 nT during the minimum phase of the sunspot cycle. The amplitude of the Y component at Bangui is very weak, smaller than about 20 nT. This fact is explained by the location of this station near the magnetic equator. At these latitudes the ionospheric current (equatorial electrojet) flows mostly in the eastward direction.
At M' Bour, the morning southward maximum (eastward declination) is very weak, typically ∼5 nT, compared to the afternoon northward minimum (westward declination) 20 to 20 nT, for all the phases of the sunspots cycle This anomaly is related to the North-South asymmetry of the D component (Y component) (Van Sabben, 1964; Mayaud 1965b; Mazaudier and Venkateswaran, 1985) . In the Southern Hemisphere (Fig. 11, right panels) , at Gnangara and Hermanus.
For all the phases of the sunspot cycle, the amplitude of the Y morning extremum is greater than the amplitude of afternoon extremum. At Trelew, both extrema exhibit the same amplitude except for the year 2002 (green curve).
In the Northern Hemisphere (Fig. 11, left panels) , the amplitude of the afternoon extrema is greater than the amplitude of the morning extrema except at Phu Thuy. At Phu Thuy the morning maximum is in average between ∼20 nT and 30 nT and the afternoon minimum between ∼12 nT and ∼20 nT. We must notice that at Phu Thuy the afternoon minimum is very strong in 2006 ∼30 nT and the morning maximum very strong in 2002 ∼40 nT.
At Tamanrasset (Fig. 11) , during all the phases of the sunspot cycle, except for the maximum phase, the morning maximum is in average between 8 nT and 15 nT and the afternoon minimum between −18 nT and −25 nT. During the maximum phase (2000, 2001, 2002 ) the morning maximum is between 25 nT and 30 nT and the afternoon minimum between −18 nT and −25 nT.
At San Juan, for all the phases of the sunspot cycle the afternoon extremal amplitude is greater than the morning one.
It is in the African sector that the largest amplitude differences of the Y eastward component are observed between the two hemispheres. Mayaud (1965b) explained these observations by the interaction between the two hemispheric systems CM. Mayaud (1965b) found that the Sq vortex of the Northern Hemisphere can extend to southern latitudes. This fact introduces a strong asymmetry between the two extremes of the Y/D component. Figure 12 presents the variations of the eastward Y component of the Earth's magnetic field for the winter season. In the Northern Hemisphere, for all the phases of the sunspot cycle, at Phu Thuy in the Asian sector, Tamanrasset and M'Bour in the African sector. The amplitude of the morning positive maximum (southward ionospheric electric current) is smaller than the amplitude of the afternoon negative minimum (northward ionospheric electric current). At M'bour, there is no morning maximum as during the spring season (see Fig. 11 ). At Phu Thuy, there is no northward electric current flow during afternoon (westward deviation of the magnetic field). San Juan is the only station of the Northern Hemisphere showing the usual pattern. In the Southern Hemisphere, Gnangara, Hermanus and Trelew have similar variations, but we must notice that at Gnangara and Hermanus the morning westward maximum is larger than the afternoon eastward maximum. At San Juan it is the afternoon eastward maximum which is larger than the morning westward maximum. The variation of the mean diurnal Y component observed at Bangui during winter is similar to the variation observed in spring (see Fig. 11 ).
Discussion and conclusion
In Table 3 we recapitulate our main results. The number of the corresponding figure is given for the different results. The rows correspond to the different characteristics observed on the data and the columns to the different observatories. We analyzed and quantified in details the characteristics of the equinoctial asymmetry for all observatories and for the different years of the solar cycle 23 (not shown in this paper but summarized in Table 3 ).
This table shows the variation of the X and Y components relationship above mentioned (rows 1, 2, 3, 4, 5, 6 of Table 3).
Thus, the spring X component amplitude is usually larger than the autumn X component amplitude in both hemispheres (row 1). Nevertheless during some years this pattern is reversed. Line 2 of Table 3 gives the years of reversal. The italic characters mean that the difference between spring and autumn is smaller than 5 nT and therefore not significant. The bold characters represent years for which the difference between spring and autumn is significant (>5 nT).
The general equinoctial tendency of the Y component for spring (row 3) and autumn (row 5) is a larger amplitude of the morning extremum than the amplitude of the afternoon one, except at Phu Thuy for the 2 equinoxes and Trelew for the autumnal equinox.
At Phu Thuy, in spring and autumn the amplitude of the morning eastward maximum (Max Y) is larger than the afternoon westward extremum (Min Y). Nevertheless, for each observatory, this tendency can be reversed for several years. Rows 4 and 6 of Table 3 gives the years of reversal for the spring and autumn seasons. As for the X component italic characters corresponds to a difference smaller than 5 nT and bold characters to a difference greater than 5 nT.
In Table 3 , row 7, is also given the significance of the correlation coefficient of X component with F10.7. This correlation coefficient is rather good at Phu Thuy and Bangui, and less so for other observatories.
The semiannual variation of the X component is found in all the observatories of the Northern Hemisphere (row 8, columns 1, 2, 3, 4). This is related to the semiannual variation of the atmospheric winds (Mukhtarov et al., 2009 ) together with the delay by about 1 or 2 months of the movement of the current vortices from the solstices due to the magnetic effect by the field-aligned currents flowing from current vortex center in winter hemisphere to that in summer hemisphere (Fukushima, 1979; Takeda, 1989 Takeda, , 2002 . The semi-annual variation is not observed at all the stations located near the focus of the Southern Hemisphere. This can be explained by the motions of the focus which hide this variation.
The annual variation of the daily amplitude of the Y component reaches its maximum in the summer hemisphere and its minimum in the winter hemisphere (figures not shown). This can be explained by the field-aligned currents flowing from the summer to the winter hemisphere in the morning and reversely in the afternoon (Fukushima, 1979) and by Ycomponent amplitude increase in summer and decrease in winter (Takeda, 1982 (Takeda, , 1991 . In the Northern Hemisphere, an annual variation of the Y component is observed (row 9, columns 1, 2, 3,4). In the Southern Hemisphere a semi annual variation of the Y component is observed (row 10, columns 5, 7, 8) .
The semiannual variation of the Y component at Gnangara (row 10, column 5) and all the stations of the Southern Hemisphere (not shown in the paper) is a characteristic of quiet ionospheric currents of the Southern Hemisphere. This must be explained by the change in the seasonal cycle of the summertime current vortex pushing across the equator into the opposite, winter hemisphere at low-latitude locations (Campbell and Schiffmacher, 1988) and by atmospheric motions.
The winter anomaly observed in Y component at Phu Thuy (row 11, column 1) results from the focus position of the Sq currents at lower geomagnetic latitude in the East Asia than in Europe and North America (Campbell et al., 1993) . The position of Sq currents was affected by the position of the geographic and geomagnetic poles with respect to these regions (Campbell and Schiffmacher, 1985) . In the African sector of the Northern Hemisphere at Tamanrasset and M'bour (row 11, columns 2, 3), the Y morning maximum, in winter, is very small or disappears: this was previously observed on magnetic data by Van Sabben (1964) , Mayaud (1965b) and also on incoherent scatter sounder data by Mazaudier and Venkateswaran (1985) . We must recall here that the African stations used in this study are located at lowest latitudes than the stations in Asian and American sectors.
This study shows many asymmetries in latitude, longitude and between the two hemispheres. This is the result of the longitudinal, latitudinal and hemispherical asymmetries in the neutral wind, main source of the Sq current (Richmond and Roble, 1987; Olsen, 1997; Akmaev, 2001; Forbes, 2002, 2003) . Rastogi et al. (1994) analyzed the data of the Indian chain of 9 magnetometers during the solar cycle 21. They characterized the diurnal variation of the Y component, the semi diurnal variation of the X component and the equinoctial asymmetry observed also at Phu Thuy. The magnetic observations in the Indian and Vietnamese sectors differ particularly at equatorial latitudes where the strength of the equatorial electrojet in larger in the Vietnamese sector than in the Indian sector (Doumouya et al., 2003; Doumbia et al., 2007) .
Phu Thuy is located in the Asian sector, below the focus of the Sq current. Here the declination of the Earth's magnetic field is very weak. Phu Thuy is at the geographic latitude of 21.03 • N and magnetic apex latitude of 14.09 • N at the crest of the equatorial anomaly. All these characteristics must be used in further modeling of the regular Sq current system at Phu Thuy. Campbell et al. (1993) , found that in the Asian sector the focus of the Sq current system is at lower geomagnetic latitude ∼22 • than in Europe or North America sectors ∼29 • . Tarpley (1973) related the equinoctial enhancement of the equatorial electrojet to the equatorward motions of the Sq current system focus. Therefore the fact that the Sq current focus is at a lower latitudes in the Asian sector can explain the maximum observed in the equatorial electrojet in the Vietnamese sector, even through the internal magnetic field is strong (IGRF model http://ccmc.gsfc.nasa.gov/modelweb/).
In conclusion the three main characteristics of the Vietnamese Sq are:
1. the equinoctial asymmetry: the spring Sq amplitude is greater than the autumn Sq amplitude 2. the winter anomaly: the Y afternoon minimum disappears 3. the Y asymmetry: the morning extremum amplitude is always greater than the afternoon extremum and this implies an ionospheric electric current flow more southward than northward during the day.
All these morphological characteristics of the Sq current system in Vietnam have to be understood by using dynamo modeling taking into account the neutral wind source. Further research is needed.
